Site environments and instrumental characteristics of carbon dioxide (CO 2 ) measurements operated by local governments in the Kanto Plain, the center of which is Tokyo, were summarized for this study. The observation sites were classified into environments of three types: urban, suburban, and woodland. Based on a few decades of accumulated hourly data, the diurnal and seasonal variations of CO 2 concentrations were analyzed as a composite of anomalies from annual means recorded for each site. In urban areas, the highest concentrations appear before midnight in winter. The second peak corresponds to the morning rush hour and the strengthening of the inversion layer. Suburban areas can be characterized as having the highest concentration before dawn and the lowest concentration during the daytime in summer in association with the activation of respiration and photosynthesis of vegetation. In these areas, concentration peaks also appear during the morning rush hour. Woodland areas show background features, with the highest concentration in early spring, which are higher than the global background by about 5 ppmv.
Introduction
Since the 1990s, studies of CO 2 emissions and uptake using global scale inverse models [1] have been conducted based on in situ measurements to monitor background levels using data from global meteorological networks [2] [3] [4] . Source/sink strengths have been evaluated by these studies as a time series on sub-continental scales (e.g., [5] ). However, because the number of observation sites are limited, particularly over the ocean, satellite observation of CO 2 has been sought for a long time for a more accurate evaluation of phenomena. Responding to this demand, Earth observation satellites such as the greenhouse gases observing satellite (GOSAT) and Orbiting Carbon Observatory-2 (OCO-2), were launched. Ever since, they have been provided global observations [6, 7] . Source/sink inverse analyses have also been conducted (e.g., [8] ). Recently, regional through city-scale emissions assessment has attracted attention as a target of satellite observations (e.g., [9] [10] [11] ).
In the context of general interest in the global environment, local governments have conducted CO 2 observations in each prefecture of Japan. Although it has been expected that these data shall be used to estimate CO 2 emissions from large cities in conjunction with satellite data, characterizations of observation sites and data have not been studied synthetically, except for a few studies, despite the datasets having been available to researchers for more than a decade [12] .
This study summarizes site locations and instrumental characteristics of CO 2 measurements conducted by local governments in the Kanto Plain, Japan. These are the only data officially available in a 2. Observation Sites, Instruments, and Analysis Figure 1 portrays the locations of the observation sites operated by local governments or government-funded research institutes. Names of prefectures are underlined in the figure. Closed red circles with an open circle represent sites for which hourly data are available as digital data for all observation periods. Site information, instrumentation, and results of data analyses are presented for these five sites in this report. Closed red circles represent older sites for which data are no longer provided in digital files. One closed blue circle in Figure 1 [13] . Another closed blue circle in the figure shows the location of Narita Airport, where vertical profiles of CO 2 concentration have been measured by passenger aircraft in conjunction with the Japan Airlines project: the comprehensive observation network for trace gases by airliner (CONTRAIL) [14, 15] . For reference, the International Geosphere-Biosphere Programme (IGBP) land cover types based on the standard products of the moderate resolution imaging spectroradiometer (MODIS) data was superimposed as the background color of Figure 1 [16] . In this classification, it is obvious that the "Koto" site is located in the urban area and the "Dodaira" site is in the woodland. "Mito" and "Kisai", which are classified into suburbs, are in the grass land or cropland near local cities. "Kamisu" is surrounded by grass land and cropland, but the site is just located in a local city.
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Observation Sites, Instruments, and Analysis
Figure 1 portrays the locations of the observation sites operated by local governments or government-funded research institutes. Names of prefectures are underlined in the figure. Closed red circles with an open circle represent sites for which hourly data are available as digital data for all observation periods. Site information, instrumentation, and results of data analyses are presented for these five sites in this report. Closed red circles represent older sites for which data are no longer provided in digital files. One closed blue circle in Figure 1 [13] . Another closed blue circle in the figure shows the location of Narita Airport, where vertical profiles of CO2 concentration have been measured by passenger aircraft in conjunction with the Japan Airlines project: the comprehensive observation network for trace gases by airliner (CONTRAIL) [14, 15] . For reference, the International Geosphere-Biosphere Programme (IGBP) land cover types based on the standard products of the moderate resolution imaging spectroradiometer (MODIS) data was superimposed as the background color of Figure 1 [16] . In this classification, it is obvious that the "Koto" site is located in the urban area and the "Dodaira" site is in the woodland. "Mito" and "Kisai", which are classified into suburbs, are in the grass land or cropland near local cities. "Kamisu" is surrounded by grass land and cropland, but the site is just located in a local city. , and (e) Dodaira (Saitama). For these sites, hourly data are available as digital data. Judging from photographs and field surveys conducted by the authors, these five sites are classified into environments of three types: urban, suburban, and woodland. Information related to these five sites and instruments is presented in Table 1 . The Tokyo Metropolitan Research Institute for Environmental Protection has conducted CO 2 measurements for the Tokyo metropolitan government. Koto is the only site in Tokyo. Measurements there continued through August 2015. Since the site is located in an industrial area near Tokyo Bay, it is classified as an urban area. The measurement system is placed in an upper level of the institute building. The inlet for air sampling is placed at the top of the building. Other observation sites in Tokyo are presented in Figure 1 . The measurements were conducted at Shinjuku and Machida during 1993-1998. The Hinohara site was used during 2000-2001.
One site in Ibaraki prefecture, Kamisu, is an urban site located in the Kashima coastal industrial zone. The observation shed is placed in an area used as a fire station. The other site in Ibaraki prefecture is in Mito city. The site is located in a residential area, but the area is only a few kilometers, surrounded
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Kisai in Saitama prefecture is another suburban site. It is surrounded mainly by rice paddy fields, with houses studding the fields. The Dodaira site is located almost at the top of Dodaira Mountain, which is located at the west end of the Kanto Plain. The site is in a woody area with evergreen conifers. Its altitude is 831 m, the highest among the sites. Both sites, Kamisu and Dodaira, have been registered with the World Data Centre for Greenhouse Gases (WDCGG) [4] . Earlier, there was a site at Urawa. It was used during 1991-2002 before measurements started at the Kisai site.
In Kanagawa prefecture there is no observation site for which data are available now, but there were five sites at Tsurumi (operated in [2002] [2003] [2004] [2005] [2006] . During March 1998 through May 2000, measurements using a helicopter were conducted seven times to observe the three-dimensional distribution of CO 2 over the cities in Kanagawa prefecture. We investigated official reports and newsletters published by the local government, but no record of CO 2 observations exists for Chiba prefecture.
To measure CO 2 , the non-dispersive infrared absorption (NDIR) system is used at all sites. The model numbers are presented in Table 1 . As a procedure common to all systems, the following method was applied to introduce sample air into the system; (1) sample air was introduced into a pile through an inlet (unit for preventing rain) which is placed at the top of a tower (5-20 m height), (2) the air is filtered to remove aerosols, (3) water vapor is removed from the air by a dehumidifier or chemicals, and (4) the air is introduced into the NDIR system. Then, the CO 2 concentration of the sample gas was measured using the span gas listed in Table 2 . The most important factor affecting its measurement accuracy is the calibration of the instrument. Gas types used for calibration, the CO 2 concentration of the reference and span gases, their accuracy, and the frequency of calibration are presented in Table 2 . In Saitama prefecture, the secondary gases calibrated by the JMA and their accuracy are evaluated as 0.1 ppmv. They are used for calibrating reference gases. By calibrating the system every 2 h, the representability of measurements is estimated as being better than 0.2 ppmv [18] . In other prefectures, commercially sold gases are used for the calibration. Their concentration accuracy is labeled as 1 ppmv. The calibration frequency is every 13 h at Koto, and one week at Kamisu and Mito. Also affecting the measurement accuracy are the dehumidifier and aerosol filter. Their dew point temperature and filter pore size are presented in Table 1 . Although we visited the Kamisu site and read all documents related to the system configuration kept at the office of Ibaraki Prefectural Government, we found no description of the dehumidifier component and aerosol filter of the system. From all sites, hourly data were distributed to users upon request for disclosure except for the data from Saitama prefecture, which are obtainable from the WDCGG website. For this study, hourly
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Monthly mean values are obtained using the same manner of averaging.
Results
Monthly mean CO 2 concentrations for all sites in the Kanto Plain are shown as a function of time in Figure 3 . At all sites, concentrations have increased almost constantly, clearly showing the seasonal cycle. The growth rates are uniformly about 2 ppmv/year. The annual mean value is highest at Koto (Tokyo) and lowest at Dodaira (Saitama). At the Mito (Ibaraki) site, the values in 2004-2007 are remarkably smaller than those expected from the trend line compared with other years. Reportedly, the measurement system was replaced in 2004. The system was not well calibrated during the period. 
Monthly mean CO2 concentrations for all sites in the Kanto Plain are shown as a function of time in Figure 3 . At all sites, concentrations have increased almost constantly, clearly showing the seasonal cycle. The growth rates are uniformly about 2 ppmv/year. The annual mean value is highest at Koto (Tokyo) and lowest at Dodaira (Saitama). At the Mito (Ibaraki) site, the values in 2004-2007 are remarkably smaller than those expected from the trend line compared with other years. Reportedly, the measurement system was replaced in 2004. The system was not well calibrated during the period. To extract the diurnal and seasonal variations of CO2 concentration at each site, the annual mean value centered at each daily mean with a one-year time window was calculated and substituted from each hourly data point to obtain anomalies. These anomalies were composed as a function of the local time and month for each site. The composited results for all observation periods up to 2014 are presented in Figure 4 . To extract the diurnal and seasonal variations of CO 2 concentration at each site, the annual mean value centered at each daily mean with a one-year time window was calculated and substituted from each hourly data point to obtain anomalies. These anomalies were composed as a function of the local time and month for each site. The composited results for all observation periods up to 2014 are presented in Figure 4 .
At the Koto site, the highest concentration appears before midnight in winter; the second peak appears at 7-10 a.m. in all seasons (Figure 4a ). The daily minimum appears at around 3 p.m. in all seasons, and their lowest concentration has been recorded in September. Kamisu (Ibaraki) is another site classified as an urban area, showing similar features to those of the plot for the Koto site (Figure 4b) . However, the highest concentration before midnight in winter is lower than that at the Koto site. Furthermore, the minimum value in August is lower.
Mito (Saitama) and Kisai (Saitama), which are classified as suburban areas, show mutually similar features (Figure 4c,d ) These areas can be characterized having the highest concentration before dawn and the lowest concentration in the daytime during summer. At the Mito site, an increase of concentration appeared before midnight, as in urban areas in winter. Dodaira (Saitama) site is a woodland area. The features of diurnal and seasonal variation differ from those of other sites (Figure 4e ). The daily average is highest in springtime and lowest in late summer. Although the scale range of presented values is expanded for the Dodaira site to emphasize the relative variation, the variation amplitude is two or three times lower than those of urban and suburban areas. At the Koto site, the highest concentration appears before midnight in winter; the second peak appears at 7-10 a.m. in all seasons (Figure 4a ). The daily minimum appears at around 3 p.m. in all seasons, and their lowest concentration has been recorded in September. Kamisu (Ibaraki) is another site classified as an urban area, showing similar features to those of the plot for the Koto site (b). However, the highest concentration before midnight in winter is lower than that at the Koto site. Furthermore, the minimum value in August is lower.
Mito (Saitama) and Kisai (Saitama), which are classified as suburban areas, show mutually similar features (Figure 4c,d ) These areas can be characterized having the highest concentration before dawn and the lowest concentration in the daytime during summer. At the Mito site, an increase of concentration appeared before midnight, as in urban areas in winter. Dodaira (Saitama) site is a woodland area. The features of diurnal and seasonal variation differ from those of other sites (Figure 4e ). The daily average is highest in springtime and lowest in late summer. Although the scale range of presented values is expanded for the Dodaira site to emphasize the relative variation, the variation amplitude is two or three times lower than those of urban and suburban areas.
Discussion
As presented in Section 2, the measurement accuracy differs among sites. In Saitama prefecture, the accuracy and representativity are about 0.2 ppmv using officially released calibration gases. The 
As presented in Section 2, the measurement accuracy differs among sites. In Saitama prefecture, the accuracy and representativity are about 0.2 ppmv using officially released calibration gases. The data screening criteria follows that recommended by WDCGG. On the other hand, the accuracies can be a few parts per million by volume (ppmv) for data observed in Ibaraki prefecture and Tokyo city, mainly because of the low accuracy of calibration gases and low frequency of calibration operation, particularly in Ibaraki prefecture where the calibration frequency is only once per week. However, the room temperature and dehumidifier temperature are kept constant. As it is expected that the measurement systems have not been unstable, measurement accuracies can be on the order of a few parts per million by volume. As a consequence, the measurement accuracy of a few parts per million by volume is achieved and is sufficiently accurate to represent the diurnal and seasonal variations presented in Section 3 because the amplitude of the variation is about 10 times greater than the measurement accuracy.
Many studies have been made to characterize the CO 2 concentration or flux in areas of various types classified in the same way as we described as a result of this study [5, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Many of them are made based on CO 2 flux measurements using the eddy covariance method, which analyze CO 2 concentration data measured with a high response speed system and three-dimensional wind data measured by a ultrasonic anemometer assuming that the vertical gradient of CO 2 concentration is proportional to CO 2 flux from the surface. The characteristics of concentrations and fluxes proved by this method can show almost identical features to those presented in this study because the concentration is strongly affected by the flux (emission/up take) in a limited spatial and temporal scale.
The results of this study demonstrated that urban areas are characterized by high concentrations before midnight in winter and in the morning during all seasons. Many studies conducted for urban areas show similar features. For example, Ward et al. [29] drew a similar plot of the diurnal variation of CO 2 concentration in London to show the increase of the concentration during the nighttime in winter, George et al. [21] also showed a similar feature in Baltimore, and Coutts et al. [31] showed both increases in the morning and winter midnight in Melbourne. One can infer that the high concentration before midnight in winter is attributable to emissions from private households, heating, or from businesses [24] . Some reports (e.g., [12] ) describe that the increase in CO 2 concentration derives from an increase of atmospheric stability during the nighttime. If that is true, then the concentration can be expected to increase constantly up to the time of sunrise. However, the actual concentration shows a decrease immediately after the midnight, then it increases again until sunrise. Therefore, it can be concluded that the increase of CO 2 concentration before midnight is mainly attributable to the increase of CO 2 emission in this area. On the other hand, high CO 2 concentration in the morning is attributable to emissions corresponding to the rush hour [22, 31, 32] . This can be confirmed from the comparison with nitrogen oxide (NO x ) concentration, which is generally a measure of traffic volume. Figure 5 shows the hourly-monthly means of NO x concentration at an observation point near Koto site for 2010. It shows a significant increase of NO x concentration during the morning rush hour time. The peak time and strength of CO 2 concentrations corresponded to the features of NO x . The minimum concentration appearing in the daytime in summer at Kamisu is lower than that at Koto because the Kamisu site is surrounded by more vegetation than the Koto site, and CO 2 uptake by vegetation around Kamisu site is stronger than that around Koto.
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seasonal variation of CO2 concentration presented by this study for urban, suburban, and woodland areas around Tokyo can be the standard features presented by the models. However, this study also showed that CO2 concentration characteristics vary depending on the type of the surrounding environment even when the sites are classified into the same type of environment. Therefore, measurements must be made operationally for every site. Nevertheless, measurements at the Koto site stopped in August 2017; no official observation site exists in Tokyo anymore. Since the reduction of CO2 emissions from the city has recently attracted great attention, CO2 measurements are expected to begin again in Tokyo. 
Conclusions
CO2 measurement sites operated by the local governments in the Kanto Plain have been classified as urban, suburban, and woodland. Characteristics of the diurnal and seasonal variation of CO2 concentration have been presented for the environments of the three types. Although the High and low concentrations were respectively found during nighttime and daytime in suburban areas in summer, as reported by some studies for the Mito and Kisai sites [22, 33] . They correspond to the respiration and photosynthesis of vegetation in the area.
A smaller amplitude of variation and the highest concentration in spring time are the characteristics of the background concentration of CO 2 [2, 34] . At the Dodaira site, diurnal and seasonal variations are similar to those of the background, but the average level is higher than the global background by about 5 ppmv [4] . At the Dodaira site, high concentrations of CO 2 before drawing have not been observed in spite of the existence of vegetation in the area because the inversion layer near the surface is not easily formed near a mountain top.
To estimate the total amounts of CO 2 emissions and uptake precisely, numerical simulation models used for estimation should be able to represent the nature of CO 2 concentration not only spatially, but also temporally, as observed. From this perspective, characteristics of the diurnal and seasonal variation of CO 2 concentration presented by this study for urban, suburban, and woodland areas around Tokyo can be the standard features presented by the models. However, this study also showed that CO 2 concentration characteristics vary depending on the type of the surrounding environment even when the sites are classified into the same type of environment. Therefore, measurements must be made operationally for every site. Nevertheless, measurements at the Koto site stopped in August 2017; no official observation site exists in Tokyo anymore. Since the reduction of CO 2 emissions from the city has recently attracted great attention, CO 2 measurements are expected to begin again in Tokyo.
CO 2 measurement sites operated by the local governments in the Kanto Plain have been classified as urban, suburban, and woodland. Characteristics of the diurnal and seasonal variation of CO 2 concentration have been presented for the environments of the three types. Although the measurement accuracy varies among prefectures depending on the types of calibration gases and frequency of calibration operation, it is by no means accurate enough to represent the diurnal and seasonal variations presented in this study. This study demonstrated clearly that continuous measurements at fixed observation sites can elucidate the effects of CO 2 emissions and uptake around the site. On the other hand, satellite instruments can target arbitrary locations. However, because the observation times are generally limited to around noon, the diurnal cycle of CO 2 emission is difficult to observe by satellites. Therefore, it can be inferred that satellite measurement data should be used synergistically with ground-based measurements to estimate CO 2 emissions and uptake from a city effectively. Furthermore, comparison with other types of methods to estimate CO 2 emissions, such as statistical inventory database building, is necessary to make the results more reliable [35, 36] .
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